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Introduction
Time is often seen as beneficial after an injury; with time comes recovery. Certain injuries, however, do not seem to heal with time. These often include injuries to the central nervous system (CNS) (Horner and Gage, 2000) . A particular CNS injury has been making headlines over the last few years (Ken Belson, 2013) . Mild traumatic brain injuries (mTBI), also called concussions in a sports context, have progressively been associated with degeneration of the brain in professional athletes (Crane et al., 2016; Henry et al., 2016; Martini and Broglio, 2017) . These brain anomalies appear to affect primarily white matter tracts in the frontal and parietal cortices and correlate with a diffuse symptomatology spanning cognitive, somatic, and emotional domains (De Beaumont et al., 2009; Tremblay et al., 2014; Martini and Broglio, 2017; Alosco et al., 2018b) . The long-term pathophysiological mechanism of chronic mTBI is still misunderstood and there currently exists no approved treatment to alleviate its effects.
The aging process is thought to interact with the physiological effects of mTBI and exacerbate difficulties. In this regard, two distinct risk factors have been identified: aging with a history of remote mTBI, and sustaining a mTBI at a later age (Peters, 2016; Griesbach et al., 2018) . In the first case, the aging concussed brain is thought to no longer be able to compensate for brain damage sustained decades earlier, letting sub-clinical anomalies rise above the clinical threshold (Henry et al., 2016) . In the second scenario, the aging brain is considered to be already weakened by the normal aging process and to therefore be more vulnerable to new injuries sustained later in life (Griesbach et al., 2018) . These two risk factors have had their independent line of research in the mTBI literature, making it difficult to dissociate the effects of aging with a mTBI history from the effects of age at trauma onset. Moreover, those two risk factors make opposite predictions about brain health: 1) in the first case, mTBI sustained earlier in life are more detrimental because of their longer interaction with the aging process and/or the vulnerability of the developing brain, and in the second case, 2) mTBI sustained at an older age are more problematic because of the higher vulnerability of the aging brain, comorbid pathology, and/or its lack of capacity for compensation.
In the current study, we sought to disentangle these two effects and to answer the following question: Do aged patients who sustained a mTBI earlier in life fare better than aged patients who sustain a mTBI at an older age? To answer that question, we compared two cohorts of participants with mTBI who differed only in one respect: age at mTBI onset. One cohort, called the recent mTBI cohort, sustained their brain injury about two years prior to the study. The second cohort, called the remote mTBI cohort, sustained their brain injury more than three decades ago. Otherwise, the two aged cohorts have the A C C E P T E D M A N U S C R I P T 4 same average age and level of education. Each cohort is matched with a respective control group. With this study design, we wish to compare deviations from age-typical brain health between the two cohorts and gain insights as to whether the effect of time after a mTBI is beneficial, neutral, or detrimental. Specifically, if the remote mTBI group shows more age-atypical degenerative changes compared to the recent mTBI group, it will be concluded that mTBI sets off a life-long neurodegenerative process that outweigh the protective effects of young age at trauma onset.
In the current study, we used sensitive MRI-based measures of brain structure integrity to compare our two cohorts. Deformation-based morphometry was used to assess white and grey matter atrophy, and diffusion-weighted imaging was used to assess the integrity of white matter tracts with more precision. Both techniques have been used in the past to investigate the effects of concussions in young and older adults (Gardner et al., 2012; Tremblay et al., 2013; Trotter et al., 2015; Bigler, 2017; Tremblay et al., 2017; Alosco et al., 2018b) .
Methods

Participants
All 74 participants in the study provided written informed consent before testing in accordance with institutional review boards. In this retrospective cohort study, participants were grouped in two cohorts depending on the time since last mild traumatic brain injury (mTBI): a remote mTBI cohort and a recent mTBI cohort ( Table 1) . The recent mTBI cohort had a mean age of 62.23 (SD 5.92), mean level of education of 16.81 (SD 2.12), and mean time since injury of 22.06 months (SD 13.12) or 1.8 years. The remote mTBI cohort had a mean age of 59.50 (SD 6.41), mean level of education of 16.97 (SD 3.72), and mean time since injury of 443.20 months (SD 77.30) or 36.9 years. The two cohorts were not different in age or years of education (both P > 0.5, two-sample T-tests). To control for confounding effects of comorbidities at an advancing age, all mTBI subjects were asymptomatic at the time of testing, were fully functional (working or retired), and did not present with post-concussion syndrome. Each cohort included a matched control group that was equivalent in age, sex, and years of education, but who never sustained a mTBI or a TBI of higher severity over their lifetime. These matched control groups allowed to account for remaining differences between the two patient populations, such as sex (see Table 1 ; the recent cohort included both sexes). Sex is an important variable to control for given the differential susceptibility of each sex to the effects of mTBI (Broshek et al., 2005) . By comparing each patient sample to its matched control sample, we could compare deviations from the control group across both cohorts (i.e. difference in deviations from the norm) and eliminate confounding variables that Participants were excluded if they presented any of the following characteristics: a history of alcohol and/or substance abuse, a history of neurological or psychiatric condition (e.g. MCI, Alzheimer's disease, depression), a medical condition requiring daily medication or radiotherapy (malignant cancer, diabetes, hypertension, and/or other cardiovascular diseases), or a learning disability (e.g. dyslexia). Participants from the recent mTBI cohort were recruited from emergency room (ER) admissions at a Level 1 trauma hospital, the Sacred Heart Hospital in Montreal, Canada. The mechanisms of injury for this cohort were falls (55%), motor vehicle accidents (17%), or others (sports concussion, falling objects). Participants from this cohort were excluded if they were still symptomatic from their mTBI. Controls for this cohort were recruited from hospital registers and newspaper/web ads. Participants from the remote mTBI cohort were recruited with the help of university athletics organizations in Montreal. Both control and mTBI participants were randomly sampled from the same list of alumni. These mTBI participants were former university level athletes who suffered from concussions/mTBI in their early twenties, but who never experienced another mTBI later in life. About 70% of these participants were former ice hockey players, while 13% were former American football players. All suffered from sports concussions (mean number of concussions = 2.08, SD = 1.31) during the practice of their sports. Detailed information about this cohort and mTBI diagnosis methodology is included in previous publications (Tremblay et al., 2013; . A standardized concussion history questionnaire (Collins et al., 2002; De Beaumont et al., 2009 ) was administered in an interview setting by an experienced sports physician to obtain detailed information about the number of previous mTBI, their approximate date, the description of the accident, and the nature and duration of on-field post-concussion severity markers (confusion and/or disorientation, retrograde and/or anterograde amnesia, and loss of consciousness [LOC]). A concussion was defined according to the definition provided by the 2009 Consensus Statement on Concussion in Sports (Mccrory et al., 2009) as "a complex pathophysiological process affecting the brain, induced by traumatic biomechanical forces, that results in the rapid onset of shortlived impairment of neurologic function that may or may not include loss of consciousness (LOC)."
Magnetic resonance imaging
All participants in this study underwent a MRI examination on the same scanner (Siemens 3T Magnetom TIM Trio, 32-channel head coil) housed at the Unité de Neuroimagerie Fonctionnelle (UNF) in Montreal, Canada. T 1 -weighted and diffusionweighted imaging (DWI) acquisition sequence parameters differed slightly between the two cohorts. Acquisition parameters for the recent mTBI cohorts are the following: (T 1 -
weighted: TR = 2300, TE = 2.98, number of slices = 176, resolution = 1 mm 3 ); (DWI: TR = 9100, TE = 94, number of slices = 66, resolution = 2 mm 3 , 65 directions, b0 = 1000 s/mm 2 ). Acquisition parameters for the remote mTBI cohorts are the following: (T 1weighted: TR = 2300, TE = 2.91, number of slices = 176, resolution = 1 mm 3 ); (DWI: TR = 9200, TE = 84, number of slices = 75, resolution = 2 mm 3 , 32 directions, b0 = 1000 s/mm 2 ). As explained above, to account for these small differences in parameters, comparisons between mTBI cohorts are made only on the basis of deviations from their matched control group (i.e. difference in differences). The matched control group was scanned with identical acquisition parameters as its associated patient group. No direct comparisons were made between the two patient populations to avoid contamination by acquisition parameters differences. A direct comparison between the two control groups was made to quantify the effect of acquisition parameters differences on our measures (see Results). All mTBI participants' MRI were reviewed by a board-certified radiologist for presence/absence of clinical anomalies. Participants presenting visible anomalies (e.g. hematomas, contusions, microbleeds) at conventional clinical exam (MRI or CT) were excluded from the study.
Deformation-based morphometry
Deformation-based morphometry (DBM) provides an estimate of volume changes across the entire T 1 -weigthed brain image by computing the Jacobian determinant for each vector in the deformation field recovered during nonlinear spatial normalization of images to a standardized template. T 1 MRIs were first linearly registered to the ICBM152 nonlinear 6th-generation template with a 12-parameter linear transformation (Collins et al., 1994) and RF inhomogeneity corrected (Sled et al., 1998 ). An iterative, nonlinear fitting procedure was then used to create a study-specific template (Fonov et al., 2011) which subsequently served as the target for all nonlinear registrations yielding DBM measures. Displacement data were convolved with a 4 mm FWHM 3D Gaussian blurring kernel. Statistical thresholds were determined by application of the False Discovery Rate technique to correct for multiple comparisons (Genovese et al., 2002) . Age and education were included as covariates of no interest in all DBM analyses.
Tract-based spatial statistics
Tract-based spatial statistics (TBSS) allow to compare various DWI metrics across groups to localise brain changes in diffusion at a voxel-wise level. Using the FMRIB's Diffusion Toolbox (FDT) from FSL (Smith et al., 2004) , we corrected for eddy current distortions, extracted the brain from the full images, and fit the local diffusion tensors to obtain the following voxel-wise metrics for all subjects: Fractional Anisotropy (FA), Mean Diffusivity (MD), Radial Diffusivity (RD), and Axial Diffusivity (AD). Voxel-
wise statistical analysis of the FA, MD, RD, and AD data was carried out using TBSS (Smith et al., 2006) . All subjects' diffusion data were then aligned into a common space using the nonlinear registration tool FNIRT, which uses a b-spline representation of the registration warp field. Next, the mean diffusion image was created and thinned to create a mean diffusion skeleton which represents the centres of all tracts common to the group (skeleton thresholded at 0.3). Each subject's aligned diffusion data was then projected onto this skeleton and the resulting data fed into voxel-wise cross-subject statistics. Nonparametric permutation-based statistics were employed using the Randomize tool with threshold-free cluster enhancement and 5000 permutations. A threshold of P < .05 was then applied on the results, corrected for multiple comparisons. Age and education were included as covariates of no interest in all TBSS analyses. The tbss_fill script from FSL was run on the thresholded images for easier visualisation of final diffusion results.
Statistical analyses
No direct patient group comparisons were performed in this cohort study to account for slight variations in demographics and MRI acquisition sequence parameters. Each patient group is only compared to its matched control group, and relative group differences (mTBI -controls) are then compared across cohorts. To perform this analysis, we use a two-way, 2x2 ANOVA with factors Cohort (recent Vs remote) and Group (mTBI Vs controls). We focus on the interaction term in this regression model, namely the Group * Cohort interaction, which models the difference in differences. In brief, this interaction term asks the following question: are the deviations from the norm larger (or smaller) in one cohort compared to the other? When statistically significant, interaction effects will be decomposed using simple effects (contrasts) to identify group differences (mTBI Vs controls) within cohorts. Age and education were included as covariates of no interest in all analyses.
Results
Deformation-based morphometry
Total brain volume did not differ between mTBI and control participants in the recent (Ttest(42), P > .05) and remote cohort (T-test(28), P > .05). Analyses of T 1 -weighted images using DBM revealed no significant Group * Cohort interaction effects following correction for multiple comparisons (F(1,70) , P > .05). Main effects of Group and Cohort on DBM measures of white and grey matter integrity were also negative (F(1,70), P > .05).
Tract-based spatial statistics
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8 When compared directly, the two control groups were not significantly different from one another on all DWI measures tested (2 sample t-test, P > .05), suggesting the small differences in MRI acquisition sequence parameters between the two cohorts had negligible effects (as a reminder, all participants were scanned on the same scanner). Nonetheless, to be conservative, we only analyzed interaction effects between Group and Cohort using a two-way ANOVA rather than comparing both patient cohorts directly with t-tests. Analyses of mean diffusivity (MD) images revealed a significant Group * Cohort interaction effect following correction for multiple comparisons (F(1,70) , P < .05) (Figure 1 ). Regions affected included primarily the anterior aspect of the corpus callosum and frontal white matter. Decomposition of the interaction term into simple effects revealed large areas of increased MD in patients from the remote mTBI cohort relative to their matched control participants (T-test(28), P < .05) (Figure 2 ). On the contrary, contrasts between the mTBI and the control groups of the recent mTBI cohort revealed no statistically significant group differences on MD (T-test(42), P > .05) (Figure 3) . Similar trends were observable for RD, AD and FA after correction for multiple comparisons (all P < .10), but none reached the statistical threshold. Overall, deviations from the control group were observable only in the remote mTBI cohort and not in the recent mTBI cohort.
Discussion
In the current study, we sought to answer the following question: Do patients who sustain a mTBI earlier in life fare better or worse than patients who sustain a mTBI at an older age? To answer this question, we compared cohorts that differed vastly on the independent variable of interest (age at mTBI onset) to account for possible slow, decades-long effects of mTBI on brain integrity. The results reported herein support the thesis that patients who sustained a mTBI in young adulthood present with more severe structural brain anomalies than patients of a similar age who sustained their mTBI in late adulthood. In summary, results from the present study indicate that the deleterious interaction between the long-term effects of mTBI and the aging process appear to outweigh the negative effects of sustaining a mTBI at an older age.
The idea that mTBI affects white matter structural integrity is well documented (Gardner et al., 2012; Shenton et al., 2012) . Although the evidence is still controversial in young adults Ilvesmäki et al., 2014) , the evidence is strong for older adults (McKee et al., 2013; Tremblay et al., 2014; Stamm et al., 2015; Trotter et al., 2015) , as demonstrated both by in vivo studies and by post-mortem histology. It is often concluded from these differing observations in young and older adults that aging is a critical factor in the process of mTBI-related neurodegeneration. It is proposed that the normal aging A C C E P T E D M A N U S C R I P T 9 process interacts with the deleterious long-term effects of mTBI to precipitate cognitive decline in this population. This proposition is supported by cognitive examinations of both young and older adults that show neuropsychological tests alterations in older adults with a history of mTBI that are not so easily detectable in their younger counterparts (Mccrea et al., 2003; Guskiewicz et al., 2005; Bruce and Echemendia, 2009; De Beaumont et al., 2009) . This is also supported by evidence that indicate accelerated brain aging (Cole et al., 2015) and earlier age-related cognitive decline in populations with a history of mTBI (Li et al., 2016 ).
In the current study, we add support to this notion. By comparing two cohorts that are similar with regards to age, we eliminate this factor and shine light on an important confounding variable: age at trauma onset. By controlling for age at time of examination and using the same neuroimaging pipeline for both cohorts, our analysis supports the idea that neurodegeneration is more likely to take place over extended delays following a mTBI, irrespective of brain health at mTBI onset. Moreover, this study suggests that long-term neurodegeneration is a greater threat to brain health than the vulnerability to insult characteristic of the aging brain. The regional pattern of white matter anomalies in our remote mTBI sample (i.e. primarily frontal cortex and corpus callosum) is similar to the one observed in other populations with a history of repetitive head trauma (Stamm et al., 2015) , or even in normal ageing (Gunning-Dixon et al., 2009; Fjell et al., 2013) . These results have implications for pediatric and young athlete populations at risk of mTBI. It could be proposed that these younger populations are more vulnerable to mTBIrelated neurodegeneration because of their young age at trauma onset which translates to a lifelong interaction between mTBI and aging. This proposition would agree with a growing body of evidence relating age of first exposure to contact sports with worse later-life neurologic outcomes (Stamm et al., 2015; Alosco et al., 2017; 2018a) .
The current study presents some caveats that are intrinsically linked to cohort studies. For one, the two patient cohorts were not recruited with the same approach. The recent cohort was recruited through a list of ER admissions for mTBI, whereas the remote cohort was recruited through alumni lists of university athletics organisations. The latter participants were not admitted to a hospital for their mTBI. This difference could predict a bias in favor of higher mTBI severity in the recent cohort who were admitted to a hospital for their injury. However, our results are contrary to this bias, showing that the remote cohort who did not seek medical examination at the time of injury exhibit larger brain structure anomalies respective to their control group. It is likely that if we compared a remote cohort who was admitted to a hospital for their mTBI more than three decades ago, the differences reported in this study would have been accentuated rather than diminished. Unfortunately, hospitals do not keep track of ER mTBI admissions over three decades, so this comparison is not feasible at the moment. Another limitation of this study is that the A C C E P T E D M A N U S C R I P T 10 number of repetitive, sub-concussive head impact (RHI) was not directly modeled in our analyses. It is possible that RHI differed across groups and explains some of the variance observed in MRI-based brain integrity metrics. We did try to control for this factor by recruiting participants and controls matched on the level of athletic competition played, but a more direct statistical control of years of exposure to contact sport would have strengthened our findings. Finally, the study would have benefited from adding neuropsychological assessments to compare the cognitive functioning across groups and cohorts and relate MRI anomalies to neuropsychiatric function.
The negative findings from the DBM analysis were not completely unexpected. In the past, our group has failed to report grey matter anomalies in similar cohorts using techniques such as optimized voxel-based morphometry (VBM) and MRI-based cortical thickness measurements (Tremblay et al., 2013) . It is noteworthy that other groups have been able to detect grey matter anomalies, namely in the hippocampal region (Singh et al., 2014; Sussman et al., 2017) . We are inclined to think that our observed discrepancy between grey matter and white matter findings might be explained by a greater sensitivity of diffusion weighted imaging to capture mTBI-related anomalies in vivo compared to alternative T 1 -weighted based techniques such as DBM and VBM (Tremblay et al., 2017) . Interestingly, the current investigation was able to detect a significant interaction effect only on the DWI measure of MD, with P-values close to significance for all other DWI metrics (FA, RD, AD, all P < .10)). Given the limited power of the current study (N = 74), interpretation as to why only MD crossed the statistical threshold warrants caution. Although more research is needed to adequately address such study results discrepancy across DWI metrics, it appears likely that statistical significance could have been achieved with other DWI metrics given a larger sample size.
In conclusion, this study probed the effect of age at mTBI onset on brain structure integrity. Our findings indicate that brain structure does not recover over time from a mTBI, but rather is inflicted by a long, insidious degeneration process. Moreover, this degeneration process extending over decades outweighs potential coping mechanisms that the young brain might have in comparison to the aged brain. We do not propose that this degenerative process is directly relevant to CTE, as CTE appears to be related to repetitive head trauma as opposed to single mTBI events (Baugh et al., 2012; Alosco et al., 2018c) . Our findings have important implications for young athletes at risk of mTBI, and for aging retired athletes with a history of remote concussions. (A and B) , coronal (C and D), and axial (E and F) slices of the simple effect (mTBI vs controls) in the recent mTBI cohort on mean diffusivity (no traces). The significant voxels are overlaid on the mean fractional anisotropy skeleton (in green) and the standard MNI152 T 1 1 mm brain template. There are no voxels cross ing the statistical threshold in this map. The results are thresholded at P < 0.05, corrected for multiple comparisons. L = left.
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